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Abstract—Ge-on-Si waveguides with losses below 5 dB/cm
across 7.5 to 11 µm wavelength are demonstrated. Sidewall etch
roughness was measured using atomic force microscopy to investi-
gate the waveguide loss mechanisms. Mid-infrared spectroscopy
of poly(methyl methacrylate) was demonstrated using the Ge
waveguides for mid-infrared sensing.
The mid-infrared (MIR) part of the electromagnetic spec-
trum provides the strongest molecular absorption signatures
for molecules to be identified [1]. Simple gas molecules such
as CO2, CO or NO2 have strong absorption lines in the 3
to 5 µm atmospheric transparent window but many larger
molecules have unique signatures in the 6 to 20 µm finger-
print region [1]. The 8 to 14 µm wavelengths are extremely
important as this is a second transparent atmospheric window
where molecular absorption and vibrational lines allow unique
identification of many chemical and biological molecules
with potential lab-on-a-chip applications for environmental
monitoring, healthcare and security applications [2].
The gold standard for MIR identification is the Fourier
Transform InfraRed (FTIR) spectrometer, however, such sys-
tems require expert users and are expensive. Recent research
has been investigating lab-on-a-chip based approaches using
semiconductor waveguides with the potential to significantly
reduce the cost for molecular identification by non-experts [3].
Si photonics platforms have low Si material losses below 10
µm but the losses in SiO2 and Si3N4 become significant at 4
and 6.7 µm respectively [3] precluding the use of the 8 to14
µm atmospheric window and many of the unique explosive
and chemical weapons lines between 10 and 14.5 µm [4].
We have previously demonstrated Ge-on-Si low loss waveg-
uides [5], plasmonic antenna [2], intersubband photodetectors
[6] and third harmonic generation [7] using the Ge-on-Si
platform in the 8 to 14 µm wavelength mid-infrared region.
Here we demonstrate a sidewall dependent scattering mecha-
nism which effects the losses of the waveguides. An atomic
force microscope (AFM) was used to measure the sidewall
roughness for different plasma etches and we demonstrate how
the waveguide losses are increased as the root mean squared
(rms) amplitude of the roughness increases. We then demon-
strate molecular absorption and vibration sensing using the Ge
waveguides covered with poly(methyl methacrylate) (PMMA)
and compare the transmission results to FTIR measurements.
The 2 µm thick Ge epilayers were grown on 150 mm Si
(001) wafers using an ASM Epsilon 2000 chemical vapor
deposition tool. Electron beam lithography and fluorine based
dry etches were used to pattern 4 µm wide and 1 µm deep rib
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Fig. 1. (a) A SEM image of a Ge-on-Si rib waveguide which has been sawn
and polished back to allow AFM measurements of the sidewall roughness.
(b) The AFM measurement of the sidewall. (c) The waveguide losses versus
wavelength from 2 different etches that have different sidewall roughnesses.
waveguides. The Fabry-Perot technique was used to measure
waveguide losses using a 7.5 to 11.5 µm wavelength quantum
cascade laser and a DLaTGS detector [5]. Once losses were
measured for samples etched using different fluorine etch
recipes, the sampled were polished back at an angle to the
waveguide to allow a carbon nanotube AFM tip on a Bruker
Dimension Icon AFM to measure the roughness (see Fig. 1(a)).
The insert to Fig. 1(a) presents the AFM image of the Ge
sidewall with an extracted roughness amplitude of 4.0 nm rms
whilst a second etch process (not shown) was measured with
an amplitude of 1.3 nm rms.
Figure 1(b) presents the losses as measured by the Fabry-
Perot technique [5] for two different roughness amplitudes.
The large peak around 9 µm wavelength is related to the
absorption from interstitial oxygen from the Cz Si substrate.
If this Si-O absorption is removed then the losses are below
5 dB/cm across the measured range for the sample with a
roughness amplitude of 1.3 nm rms. Above 9.5 µm wave-
length, the losses are reduced to ∼ 1 dB/cm. The effect of
higher roughness in increasing the waveguide losses across the
complete measurement range is demonstrated by the higher
loss in the sample with measured 4.0 nm rms roughness
amplitudes but such amplitudes in commonly used analytical
scattering models should cause negligible loss [8], [5].
To demonstrate molecular absorption and vibration sensing
using the Ge on Si waveguides, PMMA was spin coated onto
the waveguides and the transmission was measured (see Fig.
2). An oxygen plasma was used to remove the PMMA leaving
only a 1 mm long strip over the waveguides. The results in Fig.
2 are compared to transmission results from FTIR transmission
measurements taken in a Bruker 66vs FTIR in step-scan mode.
The C-O-C vibration stretching modes [9] are clearly visible at
8.39 µm and the skeletal C-C vibration at 9.38 µm. The larger
absorption from the waveguide samples is related to the longer
effective propagation length through the PMMA analyte from
the evanescent coupling of the mode with the analyte. Despite
the relatively low modal overlap with the evanescent coupling,
the ∼1 mm propagation length compared to ∼40 nm in the
FTIR vertical transmission geometry provides a factor of ≥40
higher absorption. This potential provides significant advan-
tages for a wide range of applications including healthcare,
security and environmental sensing.
We have experimentally measured the level of sidewall
roughness on Ge-on-Si rib waveguides using AFM measure-
ments and demonstrated a clear sidewall dependence of waveg-
uide losses. Scattering using standard roughness loss models
should be negligible for the roughness levels measured. Al-
ternative sidewall dependent mechanisms are currently under
investigation. Losses around 1 dB/cm are demonstrated above
9.5 µm wavelength for sidewall roughness of 1.3 nm rms.
These low loss Ge-on-Si waveguides were used to demonstrate
spectroscopy of PMMA with C-O-C and C-C vibrational
absorptions clearly visible. These results demonstrate that the
Ge-on-Si platform has significant potential to produce lab-on-
a-chip sensors for mid-infrared applications.
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